Abstract-This study was designed to examine the preventability of progressive deterioration of cardiovascular structure and function in very old Wistar-Kyoto (WKY) rats with isolated systolic hypertension (ISH). To this end, male 18-month-old normotensive WKY rats were given either placebo or L-arginine (70 mg · kg Ϫ1 · d
O ver the past decade, increasing evidence has amassed to emphasize the increasingly more common problem of hypertension in the elderly. 1, 2 This problem is primarily related to the rising prevalence of isolated systolic hypertension (ISH) in people Ն65 years old, now approaching Ͼ60% of the overall population and increasing further with advancing years. [3] [4] [5] It is all the more important because this problem is no longer considered innocuous. 6 -8 Moreover, its complications of coronary heart disease and stroke are readily treatable, with evidence of reduced morbidity and mortality, using conventional antihypertensive therapy. 9 -12 However, other complications, including cardiac failure and end-stage renal disease, are still increasing, the former accounting for the most common cause of hospitalization in the geriatric population and the latter, an extremely common cause of long-term dialysis. Hence, ISH in the elderly is an extremely common disorder requiring further understanding, detection, and treatment, although the most important approach would be prevention.
In addition to the foregoing clinical need for attention, a naturally occurring laboratory model of this common problem is necessary in order to provide a clearer understanding of the involved pathophysiological derangements. To date, the best laboratory model for a naturally occurring hypertension with the manifestations of essential hypertension in younger patients has been the spontaneously hypertensive rat (SHR). 13 In recent years, we have been studying the cardiovascular characteristics of elderly SHR and their Wistar-Kyoto (WKY) normotensive controls. 14 -16 During the course of these studies, we observed that cardiac function and coronary hemodynamics progressively deteriorate with aging in both SHR and WKY and that the very old (Ͼ100 weeks) WKY tend to develop a significant degree of ISH. Therefore, the present study was designed to examine the extent of cardiovascular changes that occur with aging in WKY and to determine whether these changes may be reversible with therapy.
Methods
Male, 10-week-old WKY rats were obtained from Charles River Breeding Laboratories Inc (Wilmington, Mass). They remained housed in our small animal laboratory facility thereafter and were given standard chow and tap water ad libitum. One group of 10 rats was studied at the age of 35 weeks. The remaining WKY were maintained until 18 months of age, when they were divided into 2 groups with 10 animals in each. One group was given only tap water; the other received both L-arginine (70 mg · kg Ϫ1 · d Ϫ1 ) and an ACE inhibitor (enalapril, 30 mg · kg Ϫ1 · d Ϫ1 ) for the ensuing 6 months. At the end of the 6 months of treatment, the rats were anesthetized with pentobarbital (40 mg/kg) and were instrumented for determination of systemic and regional hemodynamics as detailed elsewhere. 14 -16 Thus, a jugular vein, femoral artery, and left ventricle were cannulated with polyethylene catheters that were exteriorized at the nape of the neck. Rats were then placed in nonrestrictive plastic cages, and baseline hemodynamic measurements were obtained, when the rats were not restrained, after full recovery from anesthesia. The following variables were determined: arterial pressure (systolic, diastolic, mean), heart rate, cardiac output (reference sample microsphere method) and cardiac index, total peripheral resistance, left ventricular end-diastolic pressure, maximal rate of left ventricular pressure rise and fall (ϩ and ϪdP/dTmax, respectively), organ blood flows (radiolabeled microsphere method), and resistances of right and left ventricles, kidneys, liver, brain, skin, and skeletal muscle. Then, after obtaining the basal measurements, maximal coronary vasodilatation was produced by dipyridamole infusion, and the hemodynamic measurements were repeated using the second radionuclide microspheres. 14 -16 Rats were killed afterward with an overdose of pentobarbital, and the various organs were removed and weighed. Organ blood flows were calculated by multiplying the fractional distribution of radioactivity to each organ by the cardiac output, which was then normalized for the wet weight of the respective organs. Organ vascular resistances were calculated from the organ blood flows and mean arterial pressure. Coronary flow reserve for each ventricle was calculated as the difference between flows during the dipyridamole and baseline infusion periods, whereas minimal coronary vascular resistance was defined as vascular resistance achieved by dipyridamole. 14 Collagen content in left and right ventricular tissue and aortas was estimated from hydroxyproline concentration. 14 All values are expressed as the meanϮ1 SEM. A 2-way ANOVA and Student-Newman-Keuls post hoc tests were used to test the 
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significance of differences between the groups. 17 A value of PϽ0.05 was considered to be of statistical significance.
Results

Body, Cardiac, Aortic, and Kidney Masses
Compared with the younger 35-week-old adults, the 2-yearold WKY had a greater body weight; but there was no difference between control and treated 2-year-old WKY (Table 1) . Left ventricular mass was significantly (PϽ0.05) less in treated rats; but there was no difference in right ventricular, aortic, or kidney masses between these groups ( Table 1) .
Systemic Hemodynamics and Left Ventricular Function
Systolic, mean, and pulse arterial pressures were significantly (PϽ0.05) greater in the old control WKY than in the WKY treated with L-arginine and the ACE inhibitor (Table 2) . There was no difference in diastolic pressure, heart rate, and cardiac output between the groups (Table 2) ; hence, total peripheral resistance was greater in the old control WKY than in the other 2 groups. Left ventricular end-diastolic pressure (Table 2 ). Another index of left ventricular function, maximal rate of pressure rise and decline, was significantly (PϽ0.05) impaired in all old WKY, and it improved with treatment but not to the 35-week-old indices (Table 2) .
Organ Blood Flows and Resistances
Organ blood flows and resistances in kidneys, liver, brain, skin, and skeletal muscle of adult 35-week-old and 2-year-old WKY demonstrated no difference in basal blood flow between the groups (Table 3) . Vascular resistances were greater (PϽ0.05) in all examined organs of the 2-year-old control WKY than in the other 2 groups.
Left ventricular coronary blood flow under basal conditions was similar in all groups, whereas coronary vascular resistance was increased in the old control WKY (Table 4) . When compared with the 35-week-old WKY, left ventricular minimal coronary vascular resistance was increased in both groups of 2-year-old rats, and it improved with treatment (Table 4) . Likewise, left ventricular coronary flow reserve was diminished in both groups of old rats; and treatment produced a beneficial effect (Table 4) .
Moreover, changes in the right ventricular coronary hemodynamics were similar to those in the left ventricle (Table 4) .
Myocardial and Aortic Collagen
When compared with the younger adult WKY, collagen concentration was significantly increased (PϽ0.05) in both left and right ventricular myocardium of the 2-year-old WKY (Table 5) . Antihypertensive treatment slightly, but significantly (PϽ0.05), reduced the left ventricular and aortic wall hydroxyproline concentration in old rats (Table 5) .
Discussion
This report demonstrates that normotensive WKY, which usually serve as the control for SHR, in this study developed ISH with advancing age. This ISH is pronounced in the WKY at 2 years of age, and its main features are similar to those of ISH found in aging humans older than 65 years. 1, 9, 18 Thus, an increased pulse pressure, diminished ventricular function, and compromised coronary hemodynamics are characteristic features of the systolic hypertension that develops in aging humans and WKY. The only difference is that diastolic pressure was slightly, but insignificantly, increased in old WKY, whereas it is usually decreased in elderly patients. Therefore, the very old WKY provides a useful model of naturally occurring ISH in the elderly. It is of interest to note that ISH develops only in very old WKY; it is not found in 70-to 80-week-old WKY. 14, 16, 19 Unfortunately, however, these rats cannot be procured at an advanced age, and they must be maintained for many months under controlled conditions in the laboratory before they can be studied. Another important finding in the present study is that the combined therapy of L-arginine and an ACE inhibitor ameliorated the adverse cardiovascular effects of ISH in the old WKY. Thus, in parallel with the reduction in systolic pressure, there was a decrease in left ventricular mass and improvement in left ventricular functions and coronary hemodynamics in these old treated WKY. These findings are in agreement with our previous findings 15, 16, 20, 21 and reports by others 22, 23 that various forms of antihypertensive therapy effectively correct hypertension-related structural and functional cardiovascular abnormalities in young and old hypertensive rats. They are also in agreement with studies showing cardiovascular benefit of pharmacological reduction of elevated systolic pressure in elderly patients. 9 -12,24 The presented results clearly indicate that in old WKY with ISH, antihypertensive therapy will improve cardiovascular structure and function. However, when compared with 35-week-old mature adult rats, regardless of therapy, they still exhibited signs of deteriorating cardiovascular structure and function. Thus, myocardial fibrosis, impaired left ventricular function, and compromised coronary hemodynamics in both ventricles were prominent features in these old WKY. This is in agreement with our previously reported findings 14 -16 that progressive impairment of cardiovascular function occurs in aging rats, irrespective of arterial pressure. Furthermore, our earlier findings are also in accord with the notion that adverse cardiovascular effects of hypertension and aging are similar in appearance, but they seem to be brought about through different mechanisms. A number of reports from other laboratories support this concept. [25] [26] [27] [28] [29] It is of further interest that when compared with the younger 35-week-old WKY, collagen concentration decreased in the aorta of old WKY. This finding is in agreement with previous findings. 30 -32 Therefore, it appears that aortic distensibility is not solely determined by absolute amount of collagen but possibly by the relative ratio of various other components or organization of wall elements. 31, 32 In conclusion, the presented data demonstrated that very old WKY may be an extremely useful experimental model for ISH in elderly patients. Antihypertensive therapy was effective in ameliorating the cardiovascular consequences of ISH; however, age-related adverse cardiovascular changes, such as myocardial fibrosis, impaired ventricular function, and altered coronary hemodynamics, may not affected by that treatment.
